This study examines the interannual variability of winter upper-troposphere water vapor over the Northern Hemisphere using the National Aeronautics and Space Administration Water Vapor Project, the International Satellite Cloud Climatology Project data, and the European Centre for Medium-Range Weather Forecasting reanalysis. The El Niño-Southern Oscillation related tropical sea surface temperature (SST) anomalies dominate the upper-troposphere water vapor anomalies south of the climatological jet. The anomalies of baroclinic instability in the storm track regions, which relate to the Pacific-North American and the North Atlantic oscillation patterns, dominate those north of the climatological jet. The upper-troposphere water vapor increases in the eastern tropical Pacific, the Gulf of Mexico, and some areas of the North Atlantic with warmer tropical SST. It decreases in the subtropical and extratropical northeastern Pacific. Deep convection and vertical moisture fluxes dominate these changes. To the north of the climatological jet, stronger upper-level cyclonic flow dries the upper troposphere when the baroclinicity of the storm tracks is enhanced. Both vertical and meridional moisture transport contribute to these water vapor anomalies in the midlatitudes. High clouds, as a possible source/sink of water vapor, respond to the tropical SST anomalies and extratropical circulation in a pattern similar to the uppertroposphere water vapor, and they consequently positively correlate to the latter. In the Tropics and extratropics where high clouds are relatively abundant, water vapor concentration increases with temperature. Thus, the increase of evaporation or sublimation of high clouds probably contributes to the observed moistening of the upper troposphere, in addition to enhanced vapor transport. Conversely, in the subtropics where high clouds appear infrequently, water vapor concentration decreases with temperature, suggesting that the downward advection of drier air associated with subsidence dominates the drying of the upper troposphere.
Introduction
Water vapor in the cold upper troposphere has an effect comparable to that of the lower troposphere in determining the earth's outgoing longwave radiation (OLR), though it is only a small fraction of the total column moisture (Shine and Sinha 1991) . Since what controls the lower-troposphere water vapor is relatively well understood, an inadequate understanding of water vapor in the upper troposphere (Lindzen 1990 ) becomes the main source of uncertainty in determining the water vapor feedbacks (Intergovernmental Panel on Climate Change 1995). What controls the upper-troposphere water vapor in the Tropics has been extensively studied through observations in the past decade (e.g., Stephens 1990; Rind et al. 1991; Sun and Lindzen 1993; Soden and Fu 1995; Bates et al. 1996; Newell et al. 1997; Liao and Rind 1997) . In contrast, much less effort has been given to understanding the distribution and variation of the upper-troposphere water vapor in the extratropics.
The specific humidity in the upper troposphere is lower over the extratropics than over the Tropics. The lower and middle troposphere over the extratropics also have colder temperatures and lower specific humidity than in the Tropics, and so are more ''transparent'' to infrared radiation emitted at the surface. Hence, OLR is as sensitive to the changes of the upper-troposphere humidity in midlatitude as over the Tropics (Thompson and Warren 1982; Lindzen 1997) .
The processes responsible for the upper-troposphere water vapor distribution and variation in the extratropics differ from those in the Tropics in at least two ways. First, the extratropics have stronger horizontal gradients of humidity and pressure than the Tropics. The associated horizontal moisture transport could be as important as the vertical transport (Del Genio et al. 1994 ). Second, the net effect of deep convection on uppertroposphere water vapor is more difficult to estimate in the midlatitudes than in the Tropics. For example, while deep convection in the Pacific storm track region ap-VOLUME 13 J O U R N A L O F C L I M A T E pears to moisten the upper troposphere (Hu and Liu 1998) , the associated synoptic systems in other regions lead to the intrusion of stratospheric air (Price and Vaughan 1993 ) that dries the upper troposphere. Furthermore, the extratropical large-scale circulation not only depends on the atmospheric internal variability and extratropical ocean-atmosphere interaction, but it also responds to tropical sea surface temperature (SST) forcing (e.g., Dickinson 1971; Wallace and Gutzler 1981; Hoskins and Karoly 1981; Blackmon et al. 1983; Kumar and Hoerling 1995; Lau 1997; among others) . While circulation patterns in the midlatitudes have been more thoroughly studied than the tropical dynamic processes, their impacts on the extratropical upper-troposphere water vapor have not been previously examined. An assessment of the latter would enable us to apply the welldeveloped theories of extratropical dynamics and tropical-extratropical interaction to an understanding of the distribution and variation of the midlatitude upper-troposphere water vapor.
In this study, we explore how the El Niño-Southern Oscillation (ENSO)-related tropical SST and the storm track-related extratropical circulation affect the interannual variability of the upper-troposphere water vapor over the Northern Hemisphere. Our ultimate goal is to understand the physical and dynamic processes responsible for the upper-troposphere water vapor variations. As the first step to approach this goal, we focus on the documentation of the interannual changes of upper-tropospheric humidity and their relationship to those of the tropical SST and extratropical circulation in this paper. In addition to anomalous water vapor and its fluxes, we also examine the relationship among high clouds, temperature, and the upper-troposphere water vapor, to infer how water phase change contributes to the vapor variability. Since clouds and water vapor are measured independently, results consistent with both observations would provide a higher level of confidence than would those obtained from a single dataset. This analysis is confined to the winter season, in order to more clearly diagnose the dynamic processes that govern the changes.
The datasets used in this study are described in section 2. The indexes for the ENSO SST and extratropical storm track circulation are defined in section 3. The empirical relationship between the upper-troposphere water vapor and tropical SST-extratropical circulation is analyzed in section 4. The relative importance of ENSO and storm tracks affecting the variability of the upper-troposphere water vapor is quantitatively examined. How water vapor transport and high clouds may contribute to the water vapor patterns is also discussed in Section 4. Discussion and conclusions are in Section 5.
The datasets
The data used in this study consist of monthly mean upper-troposphere water vapor, SST, 500-300-mb winds and geopotential height, and high cloud frequency of occurrence. The upper-troposphere water vapor is represented by the precipitable water between 500 and 300 mb, obtained from both the National Aeronautics and Space Administration (NASA) Water Vapor Project (NVAP; Randel et al. 1996) and the European Centre for Medium-Range Weather Forecasting (ECMWF) reanalyses (ERA). The SST is taken from the reconstructed Reynolds data (Smith et al. 1996 ) on a 2Њ lat ϫ 2Њ long grid. The atmospheric fields are also from ERA on a 2.5Њ lat ϫ 2.5Њ long grid over the Northern Hemisphere. As illustrated in Equations (1)-(3), moisture fluxes are first computed from 6-h instantaneous wind and specific humidity fields, and then averaged into a monthly mean. Thus, these fluxes are contributed by both mean and transient air flow. They are also weighted by areas they move across at each grid cell and air density. Hence, the zonal and meridional moisture fluxes (uq, q) represent the amount of water vapor moving across a lateral wall extending from 500 to 300 mb along 2.5Њ lat for uq and 2.5Њ long for q. The vertical moisture flux (wq) indicates the amount of water vapor moving across a horizontal area of 2.5Њ lat ϫ 2.5Њ long at 500 mb:
where r E denotes the radius of the earth, the latitude, ␣ the longitude, and g the gravitational acceleration. Both ⌬ and ⌬␣ are 2.5Њ. Pressure is 500 mb when i ϭ 1 and 300 mb when i ϭ 3, respectively. Further, n denotes the number of the 6-h temporal step at which instantaneous water vapor flux is computed such that n ϭ 1 at the sixth UTC in the first day of the month. Also, n ϭ N at the 24th UTC in the last day of the month; N is the total number of temporal steps used in computing the monthly mean of the flux.
Here we use the data of the three winter months, that is, December-February (DJF), for the period of 1979 through 1993, with a total of 45 months. An anomaly is defined as the deviation from the corresponding 15-yr monthly average at each map cell over the Northern Hemisphere. Hence, both the 15-yr annual mean and seasonal cycle were removed prior to analysis. The observed high cloud cover was obtained from the International Satellite Cloud Climatology Project (ISCCP; Rossow et al. 1996) monthly mean cloud data (D2) for 16 winter months during January 1989-December 1993. The period of analysis related to high clouds is therefore limited to these 16 months. The winter monthly mean 500-300-mb water vapor amount over the Northern Hemisphere is shown in Fig.   1a . The monthly means were obtained by averaging the NVAP layered (500-300 mb) precipitable water over December-February from 1988 to 1992, the only period available from NVAP. Areas with abundant upper-troposphere water vapor (Ͼ1.5 kg m Ϫ2 ) are found in the Tropics, and over the North Pacific and North Atlantic (Ͼ1 kg m Ϫ2 ), which are related to the wintertime ex-
Winter monthly mean 500-300-mb precipitable water anomalies averaged over (a) 0Њ-30ЊN and 140ЊE-140ЊW, (b) 30Њ-70ЊN and 140ЊE-140ЊW, (c) 0Њ-30ЊN and 60ЊW-0Њ, and (d) 30Њ-70ЊN and 60ЊW-0Њ both from NVAP (dot) and ERA (circle).
tratropical storm tracks. Figure 1b shows the standard deviation of the monthly mean precipitable water anomalies. In general, regions of high variability coincide with the regions of large monthly means. The standard deviation ranges from 0.3 to 0.5 kg m Ϫ2 over the Tropics. Over the extratropical oceans, it is of the order of 0.1 kg m Ϫ2 , twice as much as over the continents. The corresponding monthly mean precipitable water and standard deviation derived from ERA data of the same period (Figs. 1c,d ) show similar patterns of maximum and minimum water vapor mixing ratio to those from NVAP. However, mean precipitable water in ERA is greater than the NVAP over the Tropics and smaller over the extratropics, implying a stronger latitudinal gradient of upper-troposphere water vapor in ERA. Both standard deviations have the same orders of magnitude over most of the Northern Hemisphere, except for the extratropical North Pacific, where the variabilities in ERA are only about half those of NVAP. To ascertain the interannual variability of precipitable water in the two datasets, anomalous precipitable water averaged over the tropical-subtropical and extratropical regions of Pacific and Atlantic are shown in Fig. 2 . In general, the temporal fluctuations exhibit similar interannual variability in the two datasets. Therefore, it is reasonable to employ the ERA data in the following analysis. ERA not only covers a longer period than NVAP, but also provides three-dimensional structure of humidity consistent with atmospheric wind and temperature fields.
b. Variability of tropical SST and extratropical circulation
To explore the possible connections between water vapor variability and tropical SST-extratropical atmospheric circulation, several indexes (time series of anomalies) are constructed. The ENSO and associated tropical SST are one of the prominent sources of the interannual variability in the climate system. Thus, the averaged SST anomalies in the Niño 3.4 region (5ЊS-5ЊN, 170Њ-120ЊW; Climate Diagnostics Bulletin 1996) are used as an SST index (SSTI) of the tropical interannual variability and shown in Fig. 3a . The strong El Niño (1982 /83 and 1991 /92) and La Niña (1988 events are easily identified in this time series. Ting et al. (1996) defined a zonal wind index (UI) as the difference between 500-mb zonal mean zonal winds at 35Њ and 55ЊN. They demonstrated that the variability of UI was largely independent of ENSO and that it could explain a large fraction of wintertime extratropical circulation variability. The correlation between UI ( Fig.  3b ) and SSTI in this study is 0.02. However, the major low-frequency circulation patterns in the atmosphere, for example, as classified by Barnston and Livezey (1987) , have localized and zonally asymmetrical distributions that affect the patterns of water vapor anomalies. The UI, as a zonal mean variable, could underrepresent the extratropical variability of the upper-troposphere water vapor, for example, in the storm track regions.
Midlatitude synoptic systems affect moisture transport and cloud distribution, and hence water vapor distribution (e.g., Muller and Fuelberg 1990; Price and Vaughan 1993) . The evolution of storm systems is closely related to jet stream and baroclinic instability. An accurate measure of baroclinicity is the Eady growthrate maximum (Lindzen and Farrell 1980) , defined as eter was also used to study the maintenance of winter storm tracks by Hoskins and Valdes (1990) . Their work shows that the baroclinicity parameter has maximum values over the Pacific and Atlantic jet regions. We therefore define two baroclinicity indexes (BIp and BIa) by averaging anomalous BI over the above-mentioned regions (30Њ-50ЊN, 140ЊE-140ЊW and 40Њ-60ЊN, 60Њ-0ЊW). The areas are chosen based on relatively high variability (standard deviation) and large mean values of BI (not shown). The BIp and BIa also highly correlate with two leading rotated BI EOF modes, suggesting that they represent the dominant variability of baroclinicity in the midlatitudes. The term ‫ץ‬V/‫ץ‬z was calculated based on winds at 850 and 700 mb. The two BI time series are shown in Figs. 3c and 3d. The correlation coefficient between BIp and UI is 0.38 and that between BIa and UI is Ϫ0.57. Thus, the variability of UI is partially attributable to the fluctuations of the Pacific and Atlantic jets, though the variations of the two jets are less correlated (Ϫ0.21).
A correlation of 0.24 is found between SSTI and BIp, and Ϫ0.20 between SSTI and BIa. Both exceed the 90% significance level. Therefore, associated with ENSO, there is a tendency of slightly stronger baroclinicity over the North Pacific and slightly weaker baroclinicity over the North Atlantic. Figure 3 also illustrates a strong persistence in anomalous SST through successive winter months. In contrast, UI, BIa, and BIp show less monthto-month persistence. In most years, BIa and BIp display both positive and negative fluctuations through the three winter months.
The atmospheric circulation patterns, as represented by geopotential height at 300 mb, associated with the above four indices are plotted in Fig. 4 . The anomalies of 300-mb height associated with SSTI exhibit a welldefined wave train (due to displacement of stationary troughs and ridges) over the Pacific-North American (PNA) regions, indicating the atmospheric response to the tropical SST forcing (e.g., Wallace and Gutzler 1981) . The 300-mb height has strong correlation with UI throughout the Northern Hemisphere. The largest height gradients at 35Њ and 55ЊN indicate strong westerly and easterly geostrophic wind anomalies at the two latitudes, hence great values of UI. The correlation with BIp and BIa has more localized structures with centers of action over the PNA regions and the North Atlantic, respectively. The spatial distributions in Figs. 4c and 4d strongly resemble two dominant atmospheric circulation patterns: the PNA pattern and the North Atlantic oscillation (NAO) pattern (Barnston and Livezey 1987) .
Both correlation of 300-mb height with SSTI and BIp (Figs. 4a,c) display a PNA-like pattern. However, the centers of the wave train-like anomalies locate differently. They are also independent of each other as sug- gested by the poor correlation between SSTI and BIp. Furthermore, BIp is correlated to the North Pacific SST anomalies whose pattern (not shown) is very similar to the North Pacific mode characterized by Zhang et al. (1996) . Their work revealed that the North Pacific SST mode is independent of tropical SST anomalies.
While SSTI is a good indication of the tropical SST variability, the construction of atmospheric indices is subject to arbitrary selection of both variable and domain for averaging. Whether the two baroclinicity indexes adequately capture the wintertime storm track and dominant extratropical circulation variability is examined by the singular value decomposition (SVD) method Wallace et al. 1992) , which objectively identifies pairs of spatial patterns with maximum temporal covariance between two fields. The SVD analysis between Northern Hemisphere 300-mb height and the baroclinicity over the Pacific and over the Atlantic (not shown) reveal that the leading SVD mode of 300-mb height strongly resembles the circulation patterns in Figs. 4c and 4d , respectively. The two modes explain 56% of the covariance between the Northern Hemisphere 300-mb height and the baroclinicity over the Pacific, and 52% of the covariance between the Northern Hemisphere 300-mb height and the baroclinicity over the Atlantic. The SVD analysis confirms that both baroclinicity indices capture the coupled variability between the major wintertime storm tracks and the extratropical circulation. The results are also consistent with Lau (1988) , who demonstrated that the variability of the wintertime storm tracks is associated with the PNA and NAO circulation patterns. Although the cir- culation associated with UI (Fig. 4b) partially resembles both in Figs. 4c and 4d , the two BI indexes directly represent the atmospheric processes that affect the upper-troposphere water vapor and are therefore used in this analysis. Figure 5 shows the correlation of 500-300-mb precipitable water with SSTI, BIp, and BIa. Areas of significant positive correlation with SSTI are found over the eastern tropical Pacific, the Gulf of Mexico, and the North Atlantic around 30ЊN, and those of negative correlation are found over the western tropical Pacific and the subtropical and eastern North Pacific. Water vapor shows a significant correlation to BIp across the PNA regions, with a broad drier area centered over the Aleutian Islands (40Њ-80ЊN, 120ЊE-140ЊW) and a large moistening area over Canada (50Њ-80ЊN, 30Њ-120ЊW), as BIp is higher than its climatological value. The correlation is very small over the climatological jet region. Associated with BIa, the water vapor displays several narrow bands of opposite sign correlation across the North Atlantic. Similar to the correlation with BIp, the strongest negative correlations are found to the north of the climatological jet, over Greenland, the Labrador Sea, and eastern Canada. Correlations with the three indices are generally small over Eurasia, where the interannual variabilities are small.
Relation of upper troposphere water vapor to the tropical SST and extratropical circulation a. Variability of water vapor and its link to the tropical SST and extratropical circulation
To determine the relative importance of tropical SST and extratropical atmospheric circulation to the uppertroposphere water vapor variability, Figs. 6a and 6b present the percentage of precipitable water variance explained by SSTI, BIp, and BIa, respectively, at each grid point calculated from ERA over 45 months. For
Percentage of 500-300-mb precipitable water variance explained by (a) SSTI, (b) BIp over 120ЊE-90ЊW and BIa over 80ЊW-0Њ, and (c) combination of SSTI and BIp over 120ЊE-90ЊW, and combination of SSTI and BIa over 80ЊW-0Њ, respectively, over the 45 winter months in the ERA data. Contour interval is 10% and shading indicates the percentages greater than 30%. each winter month, the precipitable water anomaly associated with the fluctuation of an index is obtained from the projection of that index amplitude on the corresponding linear regression map. The shaded areas in Fig. 6 indicate the values greater than 30%. Relatively high water vapor variability associated with SSTI is confined to the tropical and subtropical Pacific. In contrast, high water vapor variability associated with BIp and BIa occurs over midlatitudes, especially north of jet streams. The two indices account for more than 50% of the water vapor variance around the Aleutian Islands and Greenland, respectively. Averaging over the Tropics and subtropics (0Њ-30ЊN), SSTI explains 36% of the precipitable water variance, while BIp and BIa explain 19% and 15% of the variance, respectively. Over the extratropics (30Њ-90ЊN), 18% of variance is related to SSTI, 25% to BIp, and 20% to BIa. Figure 6c shows the percentages of the precipitable water variance explained by both SSTI and BIp over the Pacific, and that explained by both SSTI and BIa over the Atlantic. The combined tropical SST and extratropical circulation variability accounts for a large fraction of the total uppertroposphere water vapor variations over the Northern Hemisphere.
b. How do changes in moisture transport and high cloud contribute to the water vapor variability?
Both changes in vapor transport and exchanges between its vapor and liquid-ice can cause the above changes in upper-troposphere water vapor. We examine how tropical SST anomalies and changes of storm tracks affect water vapor transport and high clouds, and how the latter may contribute to the observed changes of the upper troposphere water vapor in this section. Figure 7 shows the vertically integrated (500-300 mb) anomalous horizontal moisture transport (␦ uq, ␦ q), obtained using the linear regression against one standard deviation fluctuation in each index. The shading indicates areas of anomalous upward moisture flux (␦ wq Ͼ0), and the contours in Figs. 7d-f indicate the anomalies of convective precipitation. The regions of upward moisture transport in Fig. 7a coincide with the positive correlation of precipitable water with SSTI in Fig. 5a . In the eastern tropical Pacific, the anomalous updraft is largely due to the SST-induced deep convection. Figure 7a also reveals a strong horizontal moisture transport from the eastern tropical Pacific to the North Atlantic. This suggests the existence of an upper-troposphere water vapor path over the subtropics during ENSO years. In the North Pacific, anomalous upper-level anticyclonic circulation occurs between 30Њ and 45ЊN in the western and central part, and anomalous cyclonic circulation occurs between 30Њ and 60ЊN in the eastern part when warmer SSTI occurs. Over the Atlantic ocean, the vectors of (␦uq, ␦q) indicate that the changes of the upper-level vapor transport are anticyclonic to the south and cyclonic to the north of 30ЊN. However, the strength of these circulation changes appears to be weaker than that associated with BIp and BIa.
Associated with BIp (Fig. 7b) , the anomalous moisture fluxes are very similar to those associated with SSTI over the Gulf of Mexico and Gulf of Alaska. The largest difference between Figs. 7a and 7b is in the central North Pacific. There is a strong meridional moisture transport associated with the tropical SST variation, while in the same region strong zonal fluxes are associated with the storm track variability. The horizontal moisture fluxes in Fig. 7 are consistent with the corresponding large-scale circulation patterns in Fig. 4 . For example, strong upper-anticyclonic anomalous flow is located around the anomalous high at 300 mb south of 45ЊN, and cyclonic anomalous flow appears around the anomalous low to the north of this latitude. The latter tends to demote the occurrence of extratropical cyclonic systems and may contribute to the observed dry anomalies associated with BIp north of the climatological jet Fig. 5b) . Associated with BIa (Fig. 7c) , strong zonal moisture transport with upward motion occurs over the Atlantic climatological jet region. In general, all significant negative correlations in Fig. 5 are in the regions with subsidence and southward moisture fluxes in Fig. 7 .
The influences of the three indices on the vertical moisture flux and the upper-troposphere water vapor distribution are examined in Fig. 8 . The anomalous fluxes in several longitude-pressure cross sections are reconstructed from the linear regression of the zonal and vertical moisture fluxes against each index, to represent the changes correlated to each index. The latitudes at which the cross sections are made are determined according to either the strongest correlation of upper-troposphere water vapor with the relevant index (Fig. 5) or the locations of climatological jets. In addition, to further illustrate that the moistening is associated with anomalous upward flux and/or transport originating from the Tropics, Fig. 8 also shows the vertical structure of the changes associated with the three indices.
Associated with SSTI ( Fig. 8a) , specific humidity (dark shading) increases throughout the entire troposphere across the central and eastern Pacific at the equator. Clearly, the upward moisture fluxes associated with tropical deep convection contribute to the increase in water vapor. In the subtropics at 25ЊN (Fig. 8b) , specific humidity increases significantly only in the upper level, although the water vapor path from the tropical Pacific to North Atlantic is found in both upper and lower levels. Both poleward (equatorward) and upward (downward) motions appear to contribute to the moistening (drying).
Stronger eastward moisture fluxes occur in the lower atmosphere over the climatological jet regions at 35ЊN when BIp (Fig. 8c) is greater and at 45ЊN when BIa becomes higher (Fig. 8e) . Together with strong meridional fluxes as BIp increases, the westerly anomalies of moisture transport reflect the anomalous upper-level anticyclonic flow at 35ЊN (Fig. 8c ) associated with BIp (Fig. 7b) . Since this flow originates from the tropical western Pacific, it is reasonable to expect that those westerly anomalies of moisture transport moisten the upper troposphere over the North Pacific. Similarly, the westerly anomalies of moisture transport over North America and the Atlantic Ocean at 45ЊN (Fig. 8e) indicate an enhancement of moisture transport from the tropical Atlantic (Fig. 7c) and hence moistening of the upper troposphere at 45ЊN over the Atlantic Ocean when BIa increases (Fig. 8c) . At 50Њ and 65ЊN (Figs. 8d,f) , respectively, specific humidity decreases throughout the tropsphere and hence displays a barotropic (altitude independent) structure. The water vapor deficiency is primarily accounted for by the downward and southward moisture fluxes, rather than by the zonal transport. Figure 9 presents two meridional cross sections of water vapor fluxes associated with BIp and BIa at 180Њ and 30ЊW, respectively. The principal features are similar to those in Figs. 8d and 8f , showing that the downdraft and northerly winds accompany the negative water vapor anomalies induced by the midlatitude storm tracks. The results suggest that the changes in moisture transport contribute to, and possibly dominate, the observed changes of the upper-troposphere water vapor.
To determine whether the phase changes between vapor and liquid-ice also contribute to the observed uppertroposphere water vapor anomalies, we examine the correlation among the frequency of high clouds, the three indices (Fig. 10) , and upper-troposphere water vapor anomalies (Fig. 11) . Anomalies of high clouds are deduced from the ISCCP D2 dataset. The high clouds in this dataset consist of three types: cirrus, cirrostratus, and deep convective. The ISCCP data cover a spatial domain up to about 55ЊN. The correlation map associated with SSTI (Fig. 10a) resembles the water vapor pattern in Fig. 5a . The negative correlation over the western tropical Pacific and eastern North Pacific in Fig.  10a are largely contributed by cirrus cloud (not shown). Positive correlations over the central and eastern tropical Pacific, as well as over Mexico and the Gulf, are more related to cirrostratus and deep convective clouds. High clouds increase with BIp on the south side of the Pacific climatological jet entry (Fig. 10b) where anomalous updrafts occur (Fig. 7b) . High clouds decrease over the Aleutian Islands, Alaska and surrounding areas, and the north side of the Pacific jet exit, where the negative water vapor anomalies occur (Fig. 5b) .
The anomalous cloud pattern associated with BIa ( Fig. 10c ) reveals that high clouds decrease over Greenland and increase to the east where the winter storms associated with the NAO appear frequently (Rogers 1997) . These variations of the high cloud with BIa over the Atlantic are consistent with that of the upper-troposphere water vapor in Fig. 5c . The high cloud patterns in Fig. 10 resemble their counterparts from the ERA data (not shown). Figure 11a directly correlates the upper-troposphere water vapor to high clouds. The high cloud cover is positively correlated with the upper-troposphere water vapor, although with different magnitudes, over almost the entire hemisphere. Therefore, more upper-troposphere water vapor is associated with more extensive high clouds and hence greater total water amounts. This implies that the changes in large-scale circulation not only affect the upper-troposphere water vapor through direct vapor transport, but also change high clouds that probably further contribute to the upper-troposphere water vapor anomalies through water phase changes. To examine whether the changes of high clouds amplify or reduce the upper-troposphere water vapor anomalies, we analyze the correlation of 300-mb temperature with the specific humidity and relative humidity in Figs. 11b and 11c, respectively. Both specific humidity and relative humidity are significantly positively correlated with the temperature over the tropical Pacific and the midlatitudes across the Northern Hemisphere. Since warmer temperature enhances cloud evaporation, we suggest FIG. 8 . Vertical cross section of ␦ uq and ␦ wq (vectors), and ␦ q (contours), obtained by linear regression of corresponding 15-yr winter monthly mean flux anomalies against one standard deviation fluctuations in SSTI, BIp, and BIa, respectively. The latitudinal location for each cross section is given at the top of that panel. The unit for ␦ uq and ␦ q and ␦ wq is 10 6 kg s Ϫ1 . For illustration purposes, the vector for ␦ wq is amplified by a factor of 2. The contour interval is 2 ϫ 10 5 (kg s Ϫ1 ) for ␦ q and negative contours are dashed. Light and dark shadings indicate regions of specific humidity significantly (ՅϪ0.3 and Ն0.3) correlated with each of the indexes, respectively. that the latter also contributes to the observed increase of upper-troposphere water vapor, in addition to the vapor transport. Over the subtropical Pacific, both specific and relative humidity negatively correlate to temperature (Figs. 11b,c) . Thus water vapor deficiency over this region results not from condensation, but from downward dry advection and adiabatic drying associated with subsidence, as shown in Figs. 8b and 9a.
Discussion and conclusions
This study addresses the effects of the ENSO-related tropical SST anomalies and changes of storm trackrelated extratropical circulation on the interannual variability of the wintertime upper-troposphere water vapor. The extratropical circulation changes associated with the well-defined PNA and NAO patterns are coupled with the variability of the Pacific and Atlantic storm tracks but are linearly independent of the tropical ENSO variation. We have demonstrated that both the tropical SST and the major winter storm tracks exert significant influences on the upper-troposphere water vapor variation.
The tropical SST associated with El Niño enhances tropical deep convection and extratropical baroclinicity through teleconnection. Consequently, warmer SST in the equatorial central and eastern Pacific increase the upper-troposphere water vapor over the tropical Pacific, the Gulf of Mexico, and some areas of the North Atlantic. Stronger baroclinicity in the storm track regions enhances upper-level anticyclonic flow and moistens the upper troposphere to the south of the climatological location of the jet. But it causes anomalous upper-level cyclonic flows to the north of the climatological jet and hence dries the upper troposphere there. The influence of the storm tracks over the midlatitudes is stronger than that of the tropical SST. This is a reflection of the existence of strong internal atmospheric variability in the midlatitudes (Kumar and Hoerling 1995; Ting et al. 1996) .
Different atmospheric processes are involved in the changes in the upper-troposphere water vapor between the Tropics and the extratropics. In the Tropics, the variability of the upper-troposphere water vapor is largely due to the vertical moisture transport and deep convec-
tion. In the extratropics, both the vertical and meridional moisture transports associated with the storm track circulation are important, as previously suggested by Del Genio et al. (1994) . The changes in evaporation/sublimation and condensation/deposition appear to be another source of the upper-troposphere water vapor anomalies over the tropical Pacific and midlatitudes where high clouds occur frequently. This mechanism, however, does not operate in the subtropics, where high clouds are infrequent. In the subtropical upper troposphere, drying (moistening) associated with a sinking (rising) motion appears to be the main cause of the upper-troposphere water vapor anomalies. Both water vapor and high clouds increase with enhanced poleward and upward water vapor transport. However, we cannot determine whether upper-troposphere water vapor anomalies are dominated by the direct vapor transport from a remote region or by the transport of liquid-ice from a remote region, which are then evaporated locally. Figure 8 also indicates that the influence of both tropical SST and extratropical circulation on the lower-troposphere water vapor is different from that on the upper troposphere.
Water vapor from ERA is strongly influenced by model parameterizations and is thus less reliable. Figure 1 shows that the variability of upper-troposphere water vapor in ERA is about half that in NVAP, despite a strong meridional gradient in the mean upper-troposphere humidity field. Hence, the interannual variability as indicated by ERA may be weaker than in reality. Incorporating high clouds from a different data source (ISCCP) in the analysis provides a validation of the results derived from the ERA data. The coherence between the satellite-observed response of high clouds and ERA upper-troposphere water vapor to the changes of the tropical SST-extratropical circulation indicates that the relationships between the upper-troposphere water vapor and tropical SST-extratropical circulation derived from ERA are not only statistically significantly but also qualitatively reasonable. Trenberth (1990) has presented evidence of the wintertime surface temperature changes with decadal timescales over the Northern Hemisphere and deepening of the Aleutian low during 1977-88. He suggested that the advection of warm and moist air into Alaska (cold and dry air over the North Pacific) by the anomalous circulation is responsible for the increase (decrease) in temperature over that region. He further linked the deepened Aleutian low to the tropical El Niño events through teleconnection. The influence of tropical SST on the atmospheric PNA pattern with interdecadal variability is supported by the atmospheric general circulation model experiments (Kawamura et al. 1995) . The circulation anomalies over the Gulf of Alaska and Aleutian Islands, as described in Trenberth (1990) , also emerge in both Figs. 4a and 4b. We have noticed long-term trends of increase in upper-troposphere water vapor, SST, and circulation indexes in both tropics and extratropics (not shown), especially associated with the NAO pattern. If these trends can be verified by more reliable observations, we could argue that the internal variability of extratropical circulation and its interaction with North Pacific SST may also contribute to the decadal changes in temperature. These decadal trends have not been removed in our analysis. How they affect the variability analyzed in this study and whether the SST and extratropical circulation influence the upper-troposphere water vapor on decadal or longer timescales have not been examined in this study.
This study focused on the water vapor variability from the general circulation perspective. Given the complexity of the processes controlling moisture transport in the atmosphere, it is also necessary to examine the water vapor changes associated with individual storms on synoptic timescales. We are currently conducting a more thorough diagnosis of the synoptic processes and their contribution to the interannual variability of the uppertroposphere water vapor in the extratropics.
